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P-3 1 nuclear magnetic resonance spectral changes in obstructed
or dehydrated kidney
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P31 nuclear magnetic resonance spectral changes in obstructed or
dehydrated kidney. Rat kidneys subjected to urinary obstruction or
dehydration in vivo both develop marked increases in the area under a
peak resonating in the phosphodiester region on their P-3 1 nuclear
magnetic resonance spectra. The chemical species responsible for these
changes were assessed using physiologic manipulations which altered
the concentration of phosphate in the urine or increased the urine pH.
Obstructed kidneys of rats fed a normal diet had a 140 50% increase
in a peak resonating at 3.31 0.05 ppm after three hours of obstruction(P < 0.01). Low phosphate diet which decreased urine phosphate
concentration by 98% virtually eliminated this increase in peak area,
where saline diuresis which decreased urine phosphate concentration
by 50% markedly attenuated it. Acute phosphate loading which doubled
urine phosphate concentration markedly accentuated the increase in
peak area. Alkalinizing the urine with acetazolamide (changing urine
pH from 6.2 0.2 to 8.0 0.1) shifted the resonance frequency of this
increasing peak from 3.31 0.06 to 5.45 0.11 ppm (P <0.01). Rats
fed a normal diet developed increases (57 15%, P < 0.05) in a peak
resonating at 2.84 0.03 ppm following 48 hours of dehydration. Rats
fed a low phosphate diet had a comparable increase in the relative area
of this peak (46 16%, P < 0.05). Alkalinization of the urine did not
affect the position or intensity of this peak under conditions of dehy-
dration. We conclude from these data that the chemical species
responsible for the P-31 NMR spectral changes following urinary
obstruction is urinary inorganic phosphate chemically shifted because
of the low urine pH, but that changes in urine phosphate do not cause
the spectral changes occurring with dehydration where renal phospho-
diesters appear to accumulate.
Major physiologic and biochemical changes occur in the
kidneys of rats subjected to urinary obstruction [1—6] as well as
during antidiuresis [7—10]. This would suggest that changes in
energy metabolism with associated alterations in the tissue
concentrations of high energy phosphate compounds might
occur in kidneys subjected to either stress.
P-3 1 nuclear magnetic resonance (NMR) spectroscopy is a
noninvasive method of assessing the tissue concentrations of
these high energy phosphates and has been applied to the study
of renal energy metabolism in the settings of ischemia [11, 12],
hypotension [13], transplant rejection [14] and acid-base distur-
bances [15]. We have previously reported that rat kidneys
subjected to ureteral ligation do not develop significant changes
in the tissue concentration of adenosine triphosphate (ATP) but
Received for publication January 19, 1988
and in revised form October 14, 1988
© 1989 by the International Society of Nephrology
do develop major P-3 1 nuclear magnetic resonance spectral
changes consisting of a dramatic increase in the intensity of a
peak resonating in the phosphodiester region. These changes
appeared to be most consistent with changes in the net quantity
of urinary inorganic phosphate (which resonates upfield due to
the low urine pH) present in the intrarenal collecting system
[16]. Balaban and Knepper have reported that during dehydra-
tion in the rabbit, tissue concentrations of ATP are not signifi-
cantly altered but significant increases in a peak resonating in
the phosphodiester region occur [17]. These authors believe
that these changes in the P-31 NMR spectrum are due to an
actual increase in renal phosphodiesters which may be related
to changes in the tissue osmolality occurring with this physio-
logic stress [17—19]. A possible role of changes in urine inor-
ganic phosphate in the genesis of these spectral changes which
occur with dehydration, however, has not been entirely ruled
out.
We therefore performed the following experiments to clarify
the nature of the chemical species responsible for the P-3 I
NMR spectral changes which occur with urinary obstruction
and dehydration.
Methods
Animals
Male Sprague-Dawley rats weighing 300 to 350 g (Sasco Co.,
Nebraska, USA) were used in all experiments. Free access to a
standard rat chow (Purina Rodent Blox, Purina, St. Louis,
Missouri, USA) and tap water were allowed in all animals on
the "normal diet". A low phosphate diet was given to some rats
by adding 15% dihydro-aminoacetate (DHAA), a phosphate
binder, to pulverized normal rat chow. This resulted in a
decrease in absorbable phosphate from a normal of 0.4% to
0.03% by weight [20, 21]. Rats were anesthetized with pento-
barbital (50 mg/kg i.p.) prior to any surgical procedure or NMR
study. Intravenous solutions or medications were given through
a jugular catheter made with PE-50 tubing. The rat kidney was
exposed for NMR study with a flank incision and blunt dissec-
tion and isolated from surrounding tissues by surgical gauze.
Ureteral obstruction was induced by placing silk ligatures
around the ureter about 1 cm from the renal pelvis. The exposed
rat kidney was covered with thin plastic to keep the kidney
tissue moist during NMR study. Urine was collected using a
bladder catheter made of PE-50 tubing in 2 ml plastic tubes
under mineral oil. Urine pH was determined with a pH meter
(Beckman Instruments, Fullerton, California, USA). Urine
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Fig. 1. F-31 NMR spectrum of a normal unobstructed rat kidney.
Spectrum acquired with 512 60 degree pulses separated by 2 second
delays. Sweep width 3000 Hz, data gathered as 1 k arrays. Free
induction decay exponentially multiplied using 10 Hz line broadening
prior to Fourier transformation. Peak assignments as follows: PM—
phosphomonoesters, Pi—inorganic phosphate, X—phosphodiesters
and urine phosphate. y—gamma ATP, a—alpha ATP, and /3—beta
ATP.
phosphate concentration was measured using a standard colon-
metric assay [22].
Changes in urine phosphate concentration were accom-
plished by several maneuvers. A low phosphate diet was used
to markedly decrease the urine phosphate concentration. A
more modest reduction was achieved using a intravenous
infusion of normal (0.9%) saline (15 mI/kg/hr x hr) prior to
ureteral ligation. Increases in urine phosphate were achieved
using an intravenous infusion of 50 m sodium phosphate in
1/2 normal (0.45%) saline with pH adjusted to 7.4 (15 mLlkglhr X
hr). Alkalinization of the urine was accomplished by giving a
carbonic anhydrase inhibitor (acetazolamide Diamox®, Lede-
derle 25 mg/kg i.v.) to the rat.
NMR measurements
The P-3 1 NMR spectra from rat kidneys were obtained using
a 1.89 Tesla 30 cm horizontal-bore cryomagnet and a Biospec
spectrometer (Oxford Research Systems, Oxford, England and
Bruker Instruments, Billerica, Massachusetts, USA). The
transmitter and receiver coil consisted of a two-turn 1.5 cm
diameter solenoidal coil made of 2 mm thick copper wire with
fixed and variable capacitors allowing it to be double-tuned to
the resonance frequencies of phosphorus (32.6 MHz) and
protons (80.55 MHz) in this magnet. The coil was placed around
the exposed rat kidney and the B0 field was shimmed using the
proton signal until the width of the water proton peak was less
than 20 to 30 Hz. Phosphorus spectra were then obtained using
a sweep width of 3000 Hz, 1 k data points with zero filling of the
free induction decay to 4 k data points prior to exponential
multiplication and Fourier transformation. Free induction de-
cays were acquired using 512 scans, employing 60 degree pulses
and 2 second delays for the obstructed kidney experiments and
290 scans of 90 degree pulses and 12 second delays for the
dehydration experiments. The reasoning for these different
acquisition parameters was that since the spin-lattice relaxation
time (T1) for the peak resonating in the phosphodiester region
during obstruction was so long (about 5 seconds based on
previous experiments [16]), it was simply not feasible to obtain
a time course of fully relaxed spectra (that is, spectra acquired
with delays greater than 4 x T1). The use of 2 second delays in
fact does result in some saturation of this peak, making absolute
quantitation of the time course data impractical [23]. However
as the T1 of the peak resonating in the phosphodiester region
was less than 2.5 seconds under normal [16] as well as dehy-
drated conditions (2.06 0.13, N = 4 measured with the
inversion-recovery method [231), fully relaxed spectra could be
obtained in a one hour time, making these acquisition parame-
ters feasible. Five to 10 Hz line-broadening was employed prior
to Fourier transformation of the free induction decays. The
chemical shift of the spectral peaks were expressed relative to
the resonance of creatine phosphate which was set at 0 ppm. As
creatinine phosphate was not clearly present on most kidney
spectra, the constant relationship between gamma ATP and
creatine phosphate at physiologic pHs was used to accurately
assign the chemical shift of the different spectral peaks [23, 24].
In addition the proton resonance frequency of tissue water was
used as an internal reference for determining chemical shift
[25]. Each spectrum had its baseline corrected using the con-
volution difference method prior to computation of its peak
areas by an integration program (DISNMR86 Bruker Instru-
ments). Peak area calculations performed in this way agreed
well with data obtained using the simple cut and weigh tech-
nique. For the fully relaxed phosphorus spectra obtained in the
dehydration experiments, absolute quantitation of phosphorus
metabolites was performed using the water proton concentra-
tion as an internal standard [26, 27]. For the non-fully relaxed
spectra where this method does not apply, analysis is limited to
relative changes in peak area.
Statistics
One or two way analysis of variance was used for multiple
group comparisons depending on whether the data were paired
or not. Comparison of individual groups were performed using
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Fig. 2. P-31 NMR spectrum of kidney obstructed for 3 hours in a rat
fed a normal diet. Acquisition parameters and peak assignments as in
Figure 1.
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Fig. 3. P-31 NMR spectrum of kidney obstructed for 3 hours in a rat
feda low phosphate diet. Acquisition parameters and peak assignments
as in Figure 1.
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Fig. 4. P-31 NMR spectrum of kidney obstructed for 3 hours in a rat
fed a normal diet subjected to an acute saline load. Acquisition
parameters and peak assignments as in Figure 1.
a Student's t-test (paired or unpaired) with a Bonferroni cor-
rection for multiple comparisons. Statistical significances are
reported at the P < 0.05 and P < 0.01 levels [28].
Results
The renal P-3 1 NMR spectrum obtained at 1.89 Tesla consists
of six easily resolvable peaks primarily attributable to phospho-
monoesters (PM), inorganic phosphate (Pi), phosphodiesters
and urine phosphate (X), and the gamma (y), alpha (a) and beta
(p) phosphate peaks of ATP [27—301 (Fig. 1). The nonobstructed
renal P-31 NMR spectra obtained from rats fed a low phospho-
rus diet, or subjected to acute saline or phosphate loads did not
significantly deviate from those fed a normal diet without
urinary obstruction although a small (<20%) increase in the
relative peak X area in rats subjected to acute phosphorus
loading (which did not achieve statistical significance) was
observed. As we have previously reported, unilateral ureteral
obstruction in rats fed a normal phosphate diet (NPD) resulted
in a prompt increase in a peak resonating at 3.31 0.05 ppm
which became the dominant spectral peak in all kidneys shown
by three hours (Fig. 2), having increased 140 50% (P < 0.01).
No increase was observed in rats fed a low phosphate diet
(LPD) (Fig. 3) whereas rats that were acutely saline loaded
prior to urinary obstruction (ASL) showed a blunted increase in
this peak (Fig. 4) with ureteral ligation. Acute phosphate
Table 1. Urine phosphate following various maneuvers
Low Saline Phosphate
Control phosphate diuresis load
Urine phosphate 104 9 2 ia 58 4 197 9
mmol/liter
loading (APL) prior to ureteral ligation markedly accentuated
the increase in peak X with a 300% increase noted at three
hours (Figs. 5, 6). The magnitude of these changes in peak area
(Fig. 6) appeared to correllate with the concentration of urine
phosphate induced by these maneuvers (Table 1). Administra-
tion of a carbonic anhydrase inhibitor to phosphate loaded rats
prior to ureteral ligation markedly increased the urine pH
compared to normals (8.0 0.1 vs. 6.2 0.2, N = 3 each
x
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Fig. 5. P-31 NMR spectrum ofkidney obstructed for 3 hours in a rat
fed a normal diet subjected to an acute phosphate load. Acquisition
parameters and peak assignments as in Figure 1.
Results are expressed as mean SEM. N =3 in each group.
a P < 0,01 compared with control
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group, P < 0.01). Moreover the resonance frequency of the
peak increasing changed from 3.31 0.06 in spectra from
obstructed kidneys of rats fed a normal diet to 5.45 0,11 (P <
0.01). This agreed quite well with the predicted change in
chemical shift of inorganic phosphate from the observed pH
change [23, 24, 29] A representative spectra of an obstructed
kidney with alkalinized urine is shown in Figure 7.
Dehydration for up to 48 hours (N = 3) did not result in any
significant alteration of the renal tissue concentration of ATP
compared with nondehydrated rats fed a normal diet (N = 3;
10 0 —10 —20 PPM
Fig. 8. P-31 NMR spectra of rat kidney before (lower spectrum) and
following 12 hours of dehydration (upper spectrum). Each spectrum
acquired with 290 90 degree pulses employing 12 second delays.
Sweep-width of 300 Hz and I k data arrays zero filled to 4 k used. Free
induction decay exponentially multiplied using 5 Hz line-broadening
prior to Fourier transformation. Peak assignments as follows: PM—
phosphomonoesters, Pi—inorganic phosphate, UP—urine phosphate,
PD—phosphodiesters, 7—gamma ATP, a—alpha ATP, and /3—beta
ATP.
2.62 0,34 vs. 2.50 0.31 mol/g, P = NS) as determined by
NMR methods [24, 25]. This was also true in dehydrated (N =
3) and nondehydrated (N = 3) rats fed a low phosphate diet for
one week (2.58 0.43 vs. 2.46 0.35 mol/g, P = NS).
However, dehydration of rats resulted in marked increases in a
peak resonating in the phosphodiester region (2.84 0.03 ppm,
N = 6) within 12 hours that were sustained for up to 72 hours.
At 48 hours this peak increased from 2.55 0.40 to 4.28 0.78
smol/g in normals and from 2.34 0.47 to 3.58 0.84 moL'g
in rats fed a low phosphate diet (both P < 0.05). Examining the
ratio of this peak to the beta ATP peak, we see that 48 hours of
dehydration resulted in a 57 15% increase in rats fed a normal
diet and a 46 16% increase in rats fed a low phosphate diet
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Fig. 6. Time course of increases in peak X occurring in the different
experimentalgroups. Symbols-are: (0) normal diet, (•) low phosphate
diet, (El) acute saline load, () acute phosphate load. Results expressed
as mean SEM. *p < 0.05, ** <0.01 compared with peak X area prior
to obstruction.
P1
B
PD
PD
PM
a
13
10 0 —10 —20 PPM
Fig. 7. P-31 NMR spectrum of kidney obstructed for 3 hours in a rat
fed a normal diet and subjected to an acute phosphate load and
alkalinization of the urine with Diamoxa. Acquisition parameters as in
Figure 1. Peak assignments as follows: PM—phosphomonoesters, Pi—
inorganic phosphate in tissue and urine, PD—phosphodiesters, y—
gamma ATP, a—alpha ATP, and /3—beta ATP.
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(both P <0.05). Serial spectra obtained from a rat kidney where
the B0 field was exceptionally homogeneous (10 Hz linewidth
for proton) clearly separates peak X into two resonances (2.84
and 3.31 ppm) and show that it is the lower (2.84 ppm)
resonance which increased following 12 hours of dehydration
(Fig. 8). No differences could be detected in the increase in the
major peak resonating in the phosphodiester region between
rats fed a low phosphorus diet (46 26%, N = 3) and rats fed
a control diet (57 15%, N = 3) during 24 hours of dehydration.
Acute alkalinization of the urine of rats dehydrated for 24 hours
(N = 3) with acetazolamide did not alter the resonance fre-
quency or intensity of this peak.
Discussion
Despite the major physiologic effects of urinary obstruction
or dehydration, neither maneuver appears to significantly effect
the tissue concentration of ATP. However major alterations
occur with both maneuvers in the phosphodiester region of the
P-3 1 NMR spectrum of the kidney. From our data, we can state
that the chemical species responsible for these major alterations
are quite different in these two conditions, as are the potential
implications of these findings.
In a previous article, we have reported that major increases
occur in a peak resonating in the phosphodiester region with
ureteral ligation which occur rapidly (within hours), reverse
immediately with relief of obstruction, are associated with no
change in the concentration of phosphodiesters in the tissue
extract but are associated with an increase in the tissue extract
concentration of inorganic phosphate, and appear to reverse
spontaneously with prolonged (24 hours or greater) periods of
unilateral (but not bilateral) obstruction. From these data as
well as data showing a similar spin-lattice relaxation time (T1)
between the dominant peak during obstruction and urine inor-
ganic phosphate, we strongly suspected that the chemical
species responsible for these changes was indeed urinary inor-
ganic phosphate which was resonated in this region of the P-3 1
NMR spectrum because of the low urine pH [16]. With the
response to the physiologic maneuvers demonstrated in this
article, namely a strong direct correlation of the magnitude of
the increase in the peak with the urine phosphate concentration
and a marked change in the chemical shift of this peak with
increases in urine pH, we feel that we can definitively attribute
the changes in the P-3l NMR spectrum with obstruction to
alterations in the signal generated by urine inorganic phosphate
observed by the NMR probe. This increase may be due to an
actual increase in the net quantity of urine inorganic phosphate
visible to the probe as well as an increase in this signal due to
urinary stasis [30—32]. The reversibility of these changes with
prolonged unilateral obstruction appears consistent with reab-
sorption of inorganic phosphate by distal nephron segments
[33—36]. This finding may provide a mechanism to study such
processes noninvasively in the intact kidney.
Acute dehydration also appears to result in changes in the
same spectral region. As suggested by Balaban and Knepper,
we agree that these changes appear to be attributable to actual
changes in the tissue concentrations of renal phosphodiesters
and not alterations in urinary inorganic phosphate [171. Glyc-
erophosphorylcholine has been shown to be the major renal
phosphodiester [37] and elevations in this compound have been
shown to occur in papillary tissue removed from kidneys of rats
subjected to dehydration [38, 39]. This compound and other
renal phosphodiesters have been hypothesized to be potentially
important in maintaining cellular volume homeostasis in the
renal papilla during concentration of the urine [17—19]. The time
course of the changes in this peak that we observed is in fact
temporally quite consistent with the changes in urine osmolality
which occur during dehydration, although further work is
needed to clarify this important issue.
In summary, major changes in the P-3l NMR spectrum occur
within the phosphodiester region following ureteral obstruction
and dehydration in the rat. We have shown that the chemical
species responsible for the spectral changes are urinary inor-
ganic phosphate with urinary obstruction and renal tissue
phosphodiesters with dehydration.
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